INTRODUCTION
Accurate determination of fetal weight in utero is valuable information for the practicing obstetrician. Ultrasound has been used since the mid-1960s as a tool for determining fetal size.
Unfortunately, the many formulas used to estimate fetal weight by ultrasound have not been as accurate in predicting weight as clinicians would desire to make management decisions. Ultrasound has consistently demonstrated an error of ±8-15%. 1 -10 Importantly, ultrasound has the greatest error in estimating fetal weight near term where an accurate fetal weight is important for obstetrical management. Fetal and neonatal morbidity, such as shoulder dystocia, is significantly increased in the larger fetus. There is also increased risk for the intrauterine growth restricted (IUGR) fetus.
The formulas currently used to estimate fetal weight use the fetal biparietal diameter (BPD), head circumference (HC), chest circumference (CC), abdominal circumference (AC), and femur length (FL) in different combinations. Investigators have used ultrasound measurements taken within days of delivery to establish their models for estimating BW. Additionally, Thompson and Makowski 11 used chest circumference in their ultrasound models for estimating fetal weight.
In this study, we attempted to develop an ultrasound model to predict BW based on anthropometric measurements of newborns. By measuring newborns and then utilizing those measurements that are able to be obtained by ultrasound a new BW prediction model (BWPM) was formulated. We hypothesize that models based on neonatal anthropometric measurements are significantly more accurate when compared to existing models.
METHODS
This analysis of previously obtained neonatal measurements was performed at MetroHealth Medical Center, Case Western Reserve University in Cleveland, OH in 1999. 12 The study protocol was approved by the hospital institutional review board and written informed consent was obtained from each subject before evaluation in the General Clinical Research Center. Subjects were recruited from the general population of women delivered of singleton neonates at this hospital. The mothers of potential subjects were approached regarding participation in the study only after their babies were deemed healthy by the pediatricians. Infants of women with and without medical or obstetrical problems were included, i.e., hypertension, diabetes mellitus, and gestational diabetes mellitus. Exclusion criteria included BW <2000 g, multifetal gestations, and neonates with anomalies.
OBJECTIVE:
To develop a more accurate ultrasound birth weight ( BW ) model using neonatal anthropometric measurements.
STUDY DESIGN:
Two hundred thirty -one newborns were evaluated. Measurements included weight; head, chest, and abdominal circumferences ( umbilicus and liver ), humerus, and femur lengths. Infants were randomly assigned into two groups ( G 1 and G 2 ). Anthropometric measurements that are obtainable by ultrasound were generated from G 1 . Stepwise regression and a bootstrap analysis were used to create the prediction models. The models were validated using G 2 .
Original Article
Two hundred thirty-one newborns that were admitted to the newborn nursery had anthropometric measurements taken within 3 days of birth. Three individuals performed all of the measurements. Circumferences of the head, chest, and abdomen (at liver and umbilical levels), and lengths of the humerus, forearm, femur, and calf were measured. Multiple measurements of subcutaneous fat thickness were also taken. The head circumference was measured above the ears equally on both sides and across the occipital font. The chest circumference was measured across the nipple line around the back of the newborn during exhalation. The abdominal circumference, taken at the liver, was measured halfway between the inferior aspect of the xiphoid process and the umbilicus. The umbilical circumference was measured around the newborn, during exhalation, directly over the umbilicus. Limb measurements were all taken from the left side. The humerus was measured from the acromion process to the lateral epicondyle of the elbow. The forearm was measured from the olecranon process to the styloid process of the radius. The femur length was measured from the greater trochanter to the lateral epicondyle of the knee. The calf distance was measured between the head of the fibula and the lateral malleolus. Skin fold fat thickness was measured in the mid left tricep area. All circumferences and lengths were repeated three times for accuracy and then averaged.
Neonatal anthropometric measurements were conducted with a calibrated scale for weight (Scale-Tronix, Wheaton, IL), a measuring board for length, Harpenden calipers (British Indicators, Sussex, England, UK) for skin fold measurements, a measuring tape for circumferences, and a metal anthropometer for limb length measurements.
The circumference measurements were taken with a measuring tape. Each measurement was performed three times and the measurements were averaged. Nineteen total measurements were obtained from each newborn in the original study. Only those measurements that could reasonably be obtained by ultrasound were chosen to create the BWPM. These included the measurements of head circumference, chest circumference, abdominal circumference (liver and umbilical measurements), humerus and femur length.
A computer program using a table of random numbers assigned the 231 infants into two groups (G 1 and G 2 ). Of the 231 infants, 110 were born from gestational diabetic mothers, whereas 121 were born from nondiabetics (see Table 1 ). We elected to include a large number of infants of women with diabetes mellitus because accurate estimation of fetal weight is particularly important in this population. Using a stepwise regression analysis, a prediction model was created using anthropometric measurements that could be obtained by ultrasound. The formula was derived from G 1 . Six variables described previously were entered and five were found to be statistically significant, and therefore used in the model. The humerus length did not contribute significantly to the model and therefore was not used within the formula.
Statistical analysis was performed on StatView computer program (Abacus Concepts, Berkley, CA). Linear regression analysis was performed to test for linearity followed by a stepwise, multiple regression analysis. The BWPM was derived. A p value <0.05 was considered significant.
Simple linear regression analysis was used to compare the derived formula to G 1 . A paired t-test was performed to identify if a An additional model validation bootstrap analysis was also performed. For this analysis, one observation was taken out of the sample at random and a prediction model was obtained using the remaining data. Subsequently, the model was used to predict the BW for the observation that was previously removed from the data. This process was repeated 500 times. For each run the estimates for each model, goodness of fit value (R 2 ), and the difference between the predicted and the actual observed BW was recorded in a data base. The mean, median, and 95% confidence interval using parametric and nonparametric analysis were used to explain the prediction error. A paired t-test and Wilcoxon signed rank test were used to test the difference between the predicted and measured values. 13 
RESULTS
The parental demographics of the study populations are given in Table 1 . There were no significant differences in any parameters between the two groups. There was also no significant difference in newborn parameters except, however, in BW between G 1 and G 2 ( p<0.03) (see Table 2 ). This difference in BW was not felt to be clinically significant (3.28±0.50 vs 3.42±0.50 kg.).
The stepwise regression BWPM, based on G 1 , is given below: Figure 1 shows the regression plot.
This model was validated using G 2 . Linear regression analysis was then used on G 2 comparing our model (BWPM) to the actual BW of this test group. The R 2 was 0.90 ( Figure 2 ). The paired t-test again demonstrated no significant difference between the actual and predicted BW ( p=0.28).
A bootstrap statistical analysis was then performed. This analysis allowed for improved power by incorporating all 231 neonates in developing the BWPM.
The formula generated from the bootstrap statistical analysis is given below: BW ¼ HCÂð0:074Þ þ CCÂð0:101Þ þ AC liv Âð0:055Þ þ AC umb Âð0:038Þ þ FLÂð0:070ÞÀ6:037
Using the model created from the bootstrap statistical model, a strong correlation to actual BW was found (R 2 =0.92, p<0.0001). The absolute error of the bootstrap model compared to actual BW was 3.7%. This result is similar to the absolute error obtained using the BWPM (3.8%). Table 3 demonstrates the difference between actual and predicted BW for each quartile range for the BWPM and for the model created from the bootstrap analysis.
Because almost half of the population studied was infants of gestational diabetic women, we applied the BWPM separately to the infants of diabetic and nondiabetic women. Using a paired t-test no difference was found for the model to predict BW in both groups ( p=0.98 vs 0.99 for diabetic vs nondiabetic, respectively).
The accuracy of the BWPM was evaluated by identifying the ability of the model to predict actual BW within 5% and 10%. Table 4 demonstrates that the model is able to predict actual BW within 10% for nearly the entire population studied. Although the numbers are small, the BWPM was less accurate in estimating BW in those infants <2500 and >4000 g for both groups (see Table 4 ).
DISCUSSION
Ultrasound has become the preferred mode of identifying fetal anomalies, abnormal fetal growth, and estimating fetal weight. Since the late 1960s, anthropometric measurements taken by ultrasound have been the standard method used to estimate 17 -20 The BWPM developed in this study was created from measurements that have been used by other investigators of ultrasound in the estimation of BW (i.e., HC, AC, FL). However, this model is unique because neonatal anthropometric measurements were used to develop the model. By actually measuring newborns within 2 days of birth and choosing those anthropometric measurements that could be performed by ultrasound, we have developed a BWPM that has the potential to improve estimates of fetal weight.
In the currently proposed model we use multiple anthropometric measurements. Three measurements involving the trunk (chest circumference, umbilical circumference, and abdominal circumference at the liver) are used. We speculate that because the torso provides the majority of fetal weight, using these measurements may enhance the overall estimation of total body weight. On the contrary, using torso measurement is also a limitation in that extra time is necessary to obtain these measurements. Using fewer parameters than the ones chosen, however, increases the error.
Another potential limitation of this study is that the ultrasound chest circumference measurement may be difficult to obtain. Warsof et al. found that chest measurements were difficult to obtain secondary to the unclear margins of the thorax. 1 Utilizing the fourchamber view of the heart, the chest circumference is capable of being measured accurately and reproducibly 19 This measurement corresponds with the anthropometric measurements obtained at the level of the nipples of the neonate taken during completed exhalation.
A potential error in developing this formula is the difference in obtaining neonatal versus fetal ultrasound measurements. Ultrasound allows for measurements from echogenic structures such as bone or skin edges. It is possible that the neonatal anthropometric measurements obtained, albeit reproducible, are not the actual landmarks that are measurable by ultrasound. The changes in the chest and abdominal circumferences with the fetus in fluid (in utero) may be different from those measurements obtained from the actual newborn, i.e., expansion of the chest and downward movement of the diaphragm increasing the chest and abdominal circumferences. These differences in measurements may create error inherent within the BWPM, but this question will not be answered until completion of a prospective ultrasound study currently in progress.
The BWPM was created from anthropometric measurements of term neonates. Until the model is tested prospectively, it is unclear if the model will accurately estimate BW in smaller infants (those less than 2000 g). This model is designed to test those fetuses at term and to potentially identify those at risk for dystocia or those women with diabetes whose fetus may benefit from cesarean delivery.
Overall, estimating BW by ultrasound is a difficult task. Searching for an ultrasound model that correlates with BW with minimal error has yet to be elucidated. This BWPM correlates well with actual BW but needs further prospective ultrasound analysis to determine its limitations and potential usefulness. The overall goal of improving obstetrical practice would be accomplished once estimating BW could be performed more accurately.
